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SECTION I

INTRODUCTION

The objective of this Program was to develop a low cost

fatigue crack growth rate correlation test which can easily
discriminate between material lots whose fatigue crack pro-
pagation rates differ by more than 20%Z. A test has been
developed which more than meets the latter requirement. Further-
more, employing our newly developed test method in a production
support mode, one can easily obtain the desired fatigue crack
propagation rate data at a total cost of less than the equivalent
of two man hours. The test developed is simple enough so that

a quality control laboratory technician can perform it using
approximately one hour of his time to set it up, run the test
and analyze the result. Moreover, the specimen fabrication
costs are low, material usage is small and a relatively inex-

pensive test machine is used.

The test result is the crack growth rate associated with a
specific stress intensity factor. The crack growth rate and
the stress intensity factor are measured independently and a
permanent test record is produced from which the crack growth

rate can be documented at any time. At no time during the test

is a crack length measurement made. Typically only two measurements




are ever made; one is a load measurement and the other is the

slope of a straight line.

Although the primary emphasis in this Program was the develop-
ment of a quality control test method to assess fatigue crack
propagation rates, a number of additional potential uses of the
test developed have been identified. Some of these may prove
to be equally (or more) significant uses of the test. Additional
uses that have been identified include:
. generation of low frequency/low crack growth rate
engineering data;
L the investigation of the effects of variables other
than 4K (e.g., stress ratio, alloy chemistry, environ-

ment, test frequency, temperature, etc.);

. investigations of fatigue crack growth retardation;
. investigations of static stress corrosion;
. the development of fatigue crack growth rate statistical

information.

The Program contained two distinct phases of work. In Phase I
test configuration/procedures were conceived, analyzed and
evaluated. In Phase II the test configuration and test procedure
which emerged as being clearly superior to all the others con-

sidered was tested and evaluated in depth. Additionally, other



applications for our newly developed test method were considered

and in some cases explored experimentally.

The total sum of results obtained during this Program are par-
titioned by subject matter into subsections. In Chapter II we
describe our recommended quality control fatigue crack growth
rate test method in detail. Included in this Chapter is a
basic description of the test, a step by step summary of the
test procedure and a description of the equipment and instru-
mentation used. Details of the analytical basis for the simple

data reduction relatiomsused are given in Appendix A.

Chapter III reports the results of fatigue crack propagation
tests which were conducted on five heat/lots each of 6A1-4V Ti
plate, 7075/7475 aluminum alloy plate and Ph 13-8Mo steel
forgings. Two compact specimens were used to generate the
fatigue crack growth rate data for each heat/lot. Three heat/lots
from each alloy system were then chosen to be used to evaluate
the quality control test procedure. The salt water corrosion
fatigue crack growth rate was established for one heat/lot of
7075 to be used as an additional means of evaluation. Twelve
quality control tests for each of the ten material/environment
conditions selected were conducted and the results compared to
the baseline compact specimen fatigue crack growth rate results.

The resulting correlation has demonstrated the accuracy and




reliability of the G-Rate Test. Appendix B presents a
detailed metallurgical description of each of the 15 heats

of metal employed in this verification test Program.

Chapter IV sketches other applications of the basic G-Rate
Test. Experimental evidence that the basic test method approach
can provide other types of fracture mechanics engineering data

is also presented.

In order to arrive at the G-Rate Test method outlined in

Chapter II, it was necessary to define a set of criteria for

the success of such a test and then evaluate myriad test sample
geometries/test procedures within the framework of that criteria.
A description of the effort expended in performing this task is

presented in Appendix C.



SECTION II
THE G-RATE TEST

A) Basic Description

The quality control fatigue crack propagation test developed

is a displacement controlled constant stress intensity (K)

test. This constant K test accounts for and in fact takes ad-
vantage of the test system compliance (or springiness). A sketch

of the test set up which shows the three point bend specimen used

is shown in Figutre 1. The spring in that Figure represents the
overall test system's compliance. Note that the displacement is

not controlled at the specimen but at a remote point in the test
system. This is done primarily since it is far easier to control

a displacement away from the test specimen. For example, the use

of an offset cam to achieve this is a very inexpensive and con-
venient technique. One of our motivations for using a displacement
controlled test was the fact that this type of test machine is in-
expensive. In our initial work on test development another important
reason for controlling the displacement remotely was that it allowed
us to maintain a constant stress intensity as the crack grew for

a variety of three point bend specimen geometries. That ds K could
be made independent of crack length (a). As will be shown in sub-
sequent analysis the S/W = 8 three point bend specimen finally
adopted has a constant K region, even under direct displacement

control. The way in which the compliance of the test machine can
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aid us in obtaining a constant K region is easily seen by
considering Figure 2. In that Figure the stress intensity

versus crack length for a three point bend specimen is presented
for two loading conditions. One is constant load and the other
constant displacement at the specimen (Referencel ). Note that
under load control as the crack grows, the resistance to bending
diminishes and the stress intensity rises. Under pure displace-
ment control, at short crack lengths, changes in crack length do
not affect the specimen compliance and therefore the load remains
essentially constant and the K versus '"a" curve initially follows
the constant load specimen curve. Eventually changes in crack
length affect the specimen compliance significantly and the load
begins to drop. As the crack continues to grow a point is

reached where the load drop off is sufficiently fast to cause the

stress intensity to decrease with increasing crack length.

If one could control the rate of load drop off one could maintain
a constant K within a significant domain of the test specimen.

By inserting an appropriately sized spring in between a dis-
placement control device and the test specimen the rate of load
drop off can be controlled. Note that the extreme cases of a
rigid spring and an infinitely flexible spring correspond to

pure displacement control and pure load control respectively.
Thus by choosing various spring stiffnesses one can generate a
series of K versus "a" specimen configurations between those

presented in Figure 2.




Detailed analyses for a wide range of spring stiffnesses are
presented in Appendix A for both the S/W = 8, W = 1/2 inch,

three point bend specimen selected as the G-Rate Test specimen

and for an S/W =4 specimen that was at one time considered.

From these analyses we were able to ascertain the ranges of

spring compliances that would optimize the constancy in K. Per-
tinent ranges for the S/W = 8 configuration are presented in

Table I. 1In the Table the spring compliances have all been
normalized by the product of the specimen's Young's modulus and
thickness. One notes in Table I that the crack depth "a" assoc-
iated with the highest K point in the "constant K" section of the
sample (amax) is a function of CEt. The K variation within the
"constant K" region is also a function of CEt (see Table I). For
the compliance range used in this Program (25 to 75), the maximum
K point was always near the specimen center as shown in Table I.
At one point in time we planned on using a very stiff test machine
and controlling the spring stiffness by inserting a matched spring
(perhaps a beam of the same material as the test specimen) into
the load train. However, after some initial compliance measure-
ments were made (see Appendix A), it became apparent that the
stiffness of test machine we were initially using was in the right
range. The slight gain to be obtained by stiffening the test
machine and optimizing the spring stiffness did not warrant the
cost or effort. Therefore, we simply used our test machine as

a compliant element and accounted for variations in relative
specimen stiffness (as specimens with different moduli were tested)
in our analysis and data reduction.

8



TABLE I

VARIATION IN STRESS INTENSITY FACTOR

(S/W =8, W= .5 Remote Displacement Controlled Specimen)

Relative Machine K a
Compliance Variation in (1 Eax)
(CEt) Region Adjacent ARt
to a
max
(+0.050" on either
side of a )
max
400 * 5.5% 5395
300 + §4.3% .345
200 £ 347 + 3310
100 x 217 .300
75 3 187 +.290
50 * luSZ% «275
25 % 1.37 255
10 ¥ 143% 523D
0 ® 1,.3% S 22D
C = Test Machine Compliance
E = Specimen Modulus
t = Specimen Thickness
B & Location of Peak Stress Intensity Factor




Thus the basic test procedure is:
* use a notched three point beam (see Figure 1) as a
test specimen;
* cyclically load the specimen under remote (not at the
specimen) displacement control allowing the crack to

initiate and grow across the specimen.

This results in attaining a constant AK and concomitantly a
constant crack growth rate across the central region of the
specimen. It should be noted here that the attainment of a
constant K (e.g., crack length invariant) region is quite de-
sirable. The constant K approach removes the experimental
error in K determination due to errors in crack length measure-

ment whenever tests are run where gradients in K exist.

For this displacement controlled constant AK specimen the method

for establishing AK is straightforward. Note that we are con-
trolling a displacement and that the value of the stress intensity
at any point in the test sample is determined by and is proportional
to the value of the applied displacement. Similarly the applied
displacement also determines and is proportional to the magnitude

of the resulting initial load. Although the load varies (decreases)

10



throughout the test, a unique linear relationship exists
between the initially applied load and the magnitude of the
stress intensity attained in the constant K region because
the applied displacement remains a constant throughout the
test. Thus, AK is simply determined by measuring the initial

load range (AP_ ) and using the following equation

AK = Dy AP o {1)
The analysis which determines D1 is presented in Appendix A.
D1 varies slightly with test specimen/machine stiffness. For our
test machine (stiffness = 1.05 x lO_5 in/1b) and a «25 inéh thiek

for aluminum, 68.5 in_3/2

specimen, D1 is 65 in_3/2

3/2

for titanium
and 74 in for steel. The stress ratio is simply the initially

set stress ratio, R given by

Po min (2)

R
Po max

Although we maintain a constant displacement amplitude during

the fatigue crack propagation test we set the magnitude of

that displacement by setting the initial loads. These loads

are chosen, of course, by choosing the values of AK and R desired
and using equations 1 and 2 to determine the initial loads.

The setting and determination of the applied stress intensity
factor in this manner takes advantage of the facts that dis-
placements are easy to control but difficult to measure accurately
and that although loads are difficult (expensive) to control they

are relatively easy to measure with high accuracy.

11



It is possible to measure crack growth rates visually as the

crack traverses the center of the specimen. However, the
displacement controlled constant K specimen has certain attributes
which makes a much more advantageous method of obtaining the

crack growth rate available.

Since we are controlling the displacement remotely, we may
consider the three point bend specimen and the entire test
machine as our '"test specimen" and that when the crack is
in the central region of the three point bend specimen our
"test specimen" is a displacement controlled constant stress
intensity specimen. Consider such a specimen where the dis-
placement, A, and the load, P, are related by

A = CP 3)

k

1/cC (4)
where C (the compliance) and k (the stiffness) are functions

of the crack length a.

It is well known that the strain energy release rateaé? 18
related to the stress intensity factor and the compliance by

the relations (Reference 1):

g1
f

2
v %—, plane strain (5)

KE, plane stress
E

& -2l ac (6)

where E is the specimen modulus, V is the specimen Poissons

1. Tada, H. "The Stress Analysis of Cracks Handbook,"
Del Research Corporation, 1973.

12



ratio and t is the crack front length which in our case is the

three point bend specimen thickness.

Substitution of equations (3) and (4) into equation (6) yields

&

2
A" ok
e (7)

a

1

Since A, t and<9 are constant, 0k/9a is constant and negative.
Thus for a displacement controlled constant K specimen the load
decreases linearly with crack length. Here again the load
magnitude at any crack length is proportional to the initial
load setting, P,, due to the constancy of the applied displace-

ment and therefore in the constant K region of the sample

=dFjda = P, /Dy (8)
where the proportionality constant, DZ’ is independent of crack
length. This load:crack length linearity provides a very
convenient method for determining da/dN. Since da/dN is a con-
stant (by virtue of the constancy of AK) and dP/da is constant,

_da _ 22 ar

dN P, dN

(9)

Thus, when P versus N is recorded autographically, da/dN is easily
determined by measuring dP/dN which is the slope of a straight
line. One does not have the difficulties often associated with
generating fatigue crack growth rate data (via conventional

compliance or optical methods) by determining the first derivative

13



of a curved line at a series of points along that line.

Although the G-Rate Test specimen is not a constant K specimen
throughout its width, all the steps leading to equation (9) are
valid and equation (9) can be used to easily evaluate da/dN for
the remote displacement controlled three point bend specimen in
the constant K region. All that is required is a record of peak
load versus cycles as shown schematically in Figure 3. The slope
dP/dN is simply -tanf. Note that since a load term is in both the
numerator and denominator of equation (9), the ordinate of

Figure 3 need not be calibrated, it need only be proportional

to the load. 1In Appendix A we show that the constant D2 is

virtually independent of specimen stiffness and is equal to

_1
.30 (in) 73,

Although the autographic load versus cycles line generated is
typically quite straighf, we have adopted the procedure of
measuring the steepest slope on the load cycle plot; this removes
any variability that would be found from operator to operator

if a visual averaging procedure was used.

The availability of this permanent test record is invaluable. It

affords the opportunity of checking the data at future points in

14
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time. Additionally it allows bad tests to be screened out since
any variability in the linear portion of the test record or
unusual behavior during precracking stages are permanently

recorded.

In our tests using the displacement controlled constant K

specimen, the peak load versus cycles plot is produced by
conditioning the alternating load signal using an analog circuit
which outputs a voltage proportional to the peak load and in-
putting this signal onto the Y axis of a strip chart recorder

moving at constant speed. Various chart speed settings are used

to maintain the angle of the straight line portion of the record

to as close to 45° as possible. In terms of the physical quantities

available during a test, equation (9) becomes

Dis (€ .S.s)
da _ 2
dN = Y, freq. kan © (10)

where YO is the initial value of the ordinate setting (in.)
on the strip chart (recall that T ™ Po)ﬁ.S. is the chart speed

(in/min.) and freq. is the loading frequency (cycles/min.)

An example of a typical test record and data reduction is given
in Figure 4, The straightness of the record is an indication
of the constancy of AK and the accuracy of the slope (rate)
measurement. As a comparison to compact specimen data, we have

shown in Figure 5 twelve constant K test results superimposed
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on data from two compact specimens. These data are discussed
more fully in Chapter III, but it suffices here to point out

that as one would expect the agreement is quite good.
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Precracking

In the discussion so far we have presumed that the precracking

of the notched bar and the fatigue crack propagation test itself
were done at the same applied displacement amplitude. While this is
possible in most cases, in some cases where the AK to be tested is
low the precracking would take too long or crack initiation would
not occur if a single displacement amplitude were used. The simple
expedient of using higher precracking displacements works quite
well. Once the crack advances significantly (load drop v 5-10%) the
displacement is reduced. The new initial load level is usually
chosen so that the overload factor due to the higher final pre-
cracking load, is on the order of 1.5 and never greater than 1.8.
For very low fatigue crack propagation rate tests ('\410_7 in/cycle)
we have reduced the load in two steps. Schematics of two test
records, one with a single precracking stage and one with two pre-
cracking stages are shown in Figures 6 and 7. For test records such
as these, equations (1) and (10) can still be used to determine AK
and da/dN employing values of Y, and APO corresponding to those

that would have existed for the uncracked sample had the actual test
displacement amplitude been imposed on the sample at that time.

This back extrapolation is straight forward and the appropriate
equations are given in the Figures. Note that the scale of the load
voltage need not be the same for precracking and testing stages.

The initial precracking load is set by choosing the AK to be tested,

the allowable overload ratio (0.L.) and using equation (11)

20



Precracking
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Precracking
- 3
- Yo = Yia Y2a Yo!
] Yib Y2b
k Yia Y2a
= APpsir— —— &gl
Yib Y2b
4]
2> ] APo! measured at
= \ b beginning of test.
>
§ Yia Yib
=1
Y2a Yo!
Y2b
Y Vo }
Cycles
FIGURE 7

Load Versus Cycles - Two Precracking Stages
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Ak,

Pfatigue - 0. )

Whether one or two precracking

D— AK,

one precracking stage

(11
two precracking stages

stages are required must be

determined by experience with the material/load ranges being

tested. For high stress ratio

testing, the precracking stress

ratio would not be kept the same but would be reduced.

A check that the fatigue crack
precracking overload region is
straightness of the load-cycle
check.

As shown in Chapter IV

apparent.
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B) Test Procedure Summary

The following four pages include a step by step description
of the test procedure, for tests with and without precracking,
and charts to determine the data reduction constants D. and D2.

1

The generation of these charts is described fully in Appendix A.

The test procedures described presume that the test machine being
used is a machine in which a cyclic displacement amplitude 1is
held constant and that the compliance of the test system is known.
A simple method of determining the test system compliance is to:
a) Place a relatively rigid spacer between the test
system loading fixtures.
b) Set a typical displacement amplitude on test machine.
¢) Record the load amplitude AP.
d) Remove the rigid spacer.
e) Measure the cyclic displacement amplitude of the loading
fixture Adisp.
f) The compliance of the test system is given with sufficient
accuracy for use with Figures 8 and 9 by

2 e Adisp
AP
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TEST PROCEDURE - NO PRECRACKING

Check and record specimen dimensions.

Set and record test frequency (freq).

Using knowledge of specimen thickness, specimen modulus
and test machine compliance use Figures 8 and 9 to
determine Dl and D2.

Set and record AP0 and R

APO = AK/Dl

Set and record chart speed (C.S.) (Choose C.S. as close as
possible to paper width xfreq/D2 x expected da/dN.
Adjust load voltage scale to start at approximately full
scale.

Start test
At completion of test measure 6 and Yo (See Figure 3).

Reduce data.

AK = D, AP

1 o
da _ 72 €.8. .. o
dN Y0 fre

24



TEST PROCEDURE - PRECRACKING

Check specimen dimensions.
Set test frequency (freq).
Using knowledge of specimen thickness, specimen modulus
and test machine compliance use Figures 8 and 9 to
determine Dl and D2.
a) Set precracking loads

P = (0.L.)" AK/D

precracking = 1

where n is the number of precracking steps and O.L.

is the allowable overload factor (0.L.~v1.5 - 1.8)
b) Begin precracking
c) Reduce loads by 0.L. factor as crack growth (5 - 10%

drop in load) is detected.
Set chart speed (C.S.) - choose C.S. as close as possible to
(paper width) x (0.L.)" x freq/D2 x expected da/dN.
Adjust load voltage scale to start at approximately full scale.
Start test.

. 1 .

At completion of test measure YO, Yla’ Ylb’ etc. (See Figures
6. and 7).

Reduce data.

Y Y Y

AP = Yla AP’ or AP = §li Y2a AP
" s 2 2 ik —2h @

Y Y Y

Y = Yla Y' or Y = ?—3 Ygi Y
- i © “ 1b  '2b

AR =D, AP_

U8 2 BBe un

dN YO freq

2'5



80 —T
8 70 A
™
£
a
60 —
50 T i T T T T T T T T
10 20 30 40 50 60 70 80 920 100
CEt
FIGURE 8 Stress Intensity Evaluation Constant
(s/w =8, w=.5t = .25 specimen)
== 32
£
w
o 31 —

30 44— \\

29 —

.28

20 30 40 50 60 70 80 90 100

CEt

FIGURE 9 Crack Growth Rate Constant
(s/w = 8) w=.5, t=.25 specimen)

26



C) Test Equipment Used

For initial studies during Phase I an MTS servo controlled
electro-hydraulic test machine under stroke control was used.
However, all the '"quality control" testing during Phase II

and much of the Phase I testing was cenducted using a simple

offset cam displacement control test machine. This test machine
was initially designed and used for other purposes at Del West,
simple minor modifications made it acceptable for use in this Pro-
gram. These modifications included the addition of a load cell and
minor changes in the loading frame. A photograph of the load frame
portion of the test system is shown in Figure 10. The displacement
amplitude was adjusted by rotation of an offset cam which in

turn drives the front vertical linkage shown in Figure 10. Dis-
placement mean is set by adjusting the length of the vertical
linkage arm. The output signal from the load cell alternates with
the frequency of loading which was 24 Hz for most of this Program.
This is too high a frequency to run directly to the strip chart
recorder. Therefore, this alternating load signal was conditioned
by an analog circuit to produce a constant d.c. voltage proportional
to the load voltage peak. This signal is fed into the 11 inch
strip chart recorder. The strip chart recorder is run at a con-
stant chart speed (C.S.). In an alternate operating mode we drove

the chart paper by using a signal from the load cell. In that
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FIGURE 10
Offset Cam Displacement Control System
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mode the chart paper advanced a specific distance each time
the load was cycled; thus the chart speed would always be
proportional to frequency. This mode was abandoned when we
were beset by electronics problems, however, it is probably

a desirable testing procedure to be used in the future. When

this latter mode is used the data reduction equation is

da Dl(ADV) tan 6

da _ (12)
dN T,

where ADV is the distance the chart paper advances with each

cycle.

29



SECTION III
CORRELATION OF FATIGUE CRACK GROWTH
RATES AS DETERMINED BY CONSTANT LOAD
AMPLITUDE AND G-RATE TESTS

The constant load amplitude fatigue crack growth rate test
employing a compact tension sample geometry has become the
standard engineering test employed by the aerospace community
for material evaluation and design data generation. In order
to verify that our newly developed constant AK test provides
as reliable a measure of fatigue crack growth rate as does
its conventional constant amplitude counterpart, we formulated
and conducted a comprehensive fatigue crack growth rate test
program. The test program employed five heats of metal from
each of the following alloy systems:
(1) Aluminum

Heats A; B, and €3 7075=T651 Plate (3 heats)

Heat D; 7475-T7651 Plate (1 heat)

Heat E; 7475-T7351 Plate (1 heat)

(2) Titanium

Heats F, G, H, J, and K; 6Al1-4V Ti (5 heats)

(3) Steel

Heats L, M, N, O, and P; Ph 13-8Mo (5 heats)
The logic governing the specific alloy selections employed here
and a detailed metallurgical cdescription of each of the selected

materials heat lots can be found in Appendix B.
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A test program sample matrix for the aluminum alloys is given in
Table I1. Similar test sample matrices for the titanium and steel
alloy heats tested here are given in Tables III and IV respectively.
All tests conducted under the condition of constant load amplitude
during this Program employed a compact tension specimen geometry

(B =1/4", W = 5"). All of these constant load amplitude tests

were conducted and the data reduced in accord with the recommenda-
tions for such tests as found in Reference 2. During this evalua-
tion Phase (Phase II) the constant AK or G-Rate Test universally
employed the 1/4" thick bend bar geometry shown in Figure 1.

TABLE IT
ALUMINUM ALLOY TEST PROGRAM
SAMPLE MATRIX
(R = 0.1, v = 24 cps)

Material Alloy Heat Test Test Type Chemical No. of Samples
Designation Orienta- Environment
tion
(per ASTM E-399)
7075-T651 A LT Constant Load lab air 2
Amplitude
7075-T651 B LT u 1 lab air 2
7075-T651 C LT " & lab air 2
7075-T651 A Tl & L 3.5%4NaCcl in HZO 2
7075-T7651 D LT o 1 lab air 2
7075-T7351 E LT " 1 lab air 2
7075-T651 A LT Cons't AK lab air 12
7075-T651 B LT W u lab ‘air 21
7075-T651 D LT u 1 lab air 4
7475-T7351 E LT y o lab air 14
7075-T651 A TL LA L 3.5%NaCl in H20 13

2. Hudak, S. J., R. J. Bucci, " Development of Standard Methods of Testing
and Analyzing Fatigue Crack Growth Rate Data,'" Air Force Materials
Laboratory Contract F33615-75-C-5064.

31



TABLE TIITI

TI ALLOY TEST PROGRAM

SAMPLE MATRIX
(R = 0.1, v = 24 cps, LT Orientation, lab air)

Material Alloy Heat Test Type No. of Samples
Designation Tested
6A1-4V Ti F Constant Load Amplitude 2
6A1-4V Ti G Constant Load Amplitude 2
6A1-4V Ti H Constant Load Amplitude 2
6A1-4V Ti J Constant Load Amplitude 2
6A1-4V Ti K Constant Load Amplitude 2
6A1-4V Ti F Constant AK 10
6A1-4V Ti H Constant AK 13
6A1-4V Ti J Constant AK 11
TABLE 1V

STEEL ALLOY TEST PROGRAM
SAMPLE MATRIX

(B = 0.1: » = 2% epsj LT Orientation; lab air)

Material Alloy Heat Test Type No. of Samples
Designation Tested
Ph 13-8Mo L Constant Load Amplitude 2
Ph 13-8Mo M Constant Load Amplitude 2
Ph 13-8Mo N Constant Load Amplitude 2
Ph 13-8Mo 0 Constant Load Amplitude 2
Ph 13-8Mo P Constant Load Amplitude 2
Ph 13-8Mo L Constant AK 13
Ph 13-8Mo M Constant AK 13
Ph 13-8Mo P Constant AK 13
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Turning to the aluminum portion of the Program, one notes

both constant load amplitude and G-Rate Tests were conducted

on four of the five heats. Additionally, in the case of Heat A,
both test types were also employed to generate similar fatigue
crack growth rate information in a highly saline chemical environ-
ment. The results of the aluminum alloy tests conducted in accord
with Table II are presented graphically in Figures 11 through 16.
Additionally, Tables V and VI enumerate the specific aluminum con-
stant AK results obtained during this effort. As one can note in
examining Tables V and VI several constant AK results are labelled
as improper test or data. The reasons for this labelling derive
from irregularities noted in the load drop:cycle records obtained
during the course of running these specific tests. A large major-
ity, if not all, of these test record irregularities are traceable
to mechanical difficulties with the test apparatus*. Whenever the
notation "improper test or data'" appears in the Tables, the result

quoted there is not presented graphically in Figures 11 - 16.

Examination of the constant load amplitude (labelled Heat No. -CT-1
or 2) and constant AK (labelled G-Rate Test) test data shown in
Figures 11-16 demonstrate that the two test methods provide identical
4

results over the da/dN range from 2 x 10._7 inches/cycle to 1 x 10

inches/cycle in both lab air and 3.5% NaCl in HZO'

*Chronologically, the G-Rate Test portion of the aluminum test
matrix (Table II) was run in large part prior to its titanium and
steel counterparts. As such, one could say that we learned about
the vagaries of our experimental test set up during the running of
these samples and thus account for the high sample attrition rate
(v20%Z of the total tested population) experienced here.
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TABLE V
7075/7475 CONS'T AK DATA

Environment: Lab Air; R Factor = 0.1

LT Orientation

Sample No.x da/dN AK Remarks
xLL Ksivin.

inches/cycle

Heat A*
4-A-30 4.72 T3
4-A-31 2.46 6571
4-A-33 2+78 625
4-A-34 Tsgl Ll 8l 7
4-A-36 11535210 1200
4-A-36 3151 1557
4-A-20 150, 23.583
4-A-11 257 1651
4-A-10 134 1281
4-A-12 1346 11576
4-A-14 10,0 1552 Improper Data
4-A-27 4.66 8,77 Improper Data
Heat B*

4-B-44 3.47 6.04
4-B-43 7 I8 8.39
4-B-41 1.36:5 12.5
4-B-42 34.0 177
4-B-40 293 153
4-B-12 2546 16.6
4-B-14 32510 16.4
4-B-13 23.8 16.5
4-B-15 29.8 16.3
4-B-16 33:1 L6 7
4-B-37 11:0 IT w2
4-B-26 130 11.8

*For a metallurgical definition of the various aluminum heats employed
here, see Tables B-I and B-II.
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TABLE V

(Cont)

Sample No da/dN AK Remarks

x10 © Ksivin.

Inches/Cycle

4-B-18 13.0 1148
4-B-17 [ 12:1
4-B-36 4.41 767
4-B-24 10.5 1'+93 Improper Test
4-B-31 25+2 8.02 Improper Test
4-B-39 2,40 6.58
4-B-38 2 .86 6.62 Improper Test
4-B-32 162 607 Improper Test
4-B-33 383 7.04 Improper Test
Heat E
4-E-34 1945 161
4-E-33 2250 16.3
4-E-32 22.0 16.4
4-E-10 103 119
4-E-37 953 1252
4-E-31B 2.66 8.3
4-E-21 10.5 1242
4-E-30 Tt 17
4-E-31A 073 6.4
4L-E-38 246 8i 2
4-E-35 3.1 8.4 Improper Test
4-E-20 12.0 ) O [69Re Improper Test
4L-E-36 T+ 32 63 Improper Test
4-E-39 2:0 6 1l Improper Test
Heat D
4-D-1 0.2 5.2
4-D-2 L+3 6.8
4-D-3 3.6 7.9
h<n=1 3.2 8.1
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TABLE VI
7075 - T651 PLATE A CONS'T AK DATA

Environment - 3.57% NaCl in H90, R Factor = 0.1

Test Frequency - 24 cps; TL Orientation

Sample No. _ga/dN AK Remarks
(x 10 inches/cy (Ksivin)

4-A-TL-12 120 8.30

4-A-TL-13 39 5+70

4-A-TL-10 4.3 6.10

4-A-TL-11 455 6.07

4-A-TL-8 12.5 7+80

4-A-TL-7 120 7.90

4-A-TL-6 310 12.2

4-A-TL-4 32,0 112,70

4-A-TL-2 27:0 122

4-A-TL-3 64.0 1549

4-A-TL-1 72.0 15.8

4-A-TL-5 60.5 16.2

4-A-TL-9 - - Improper Test
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Comparisons of the two test methods abilities' to measure

lab air fatigue crack growth rates in 6A1-4V Ti and Ph 13-8Mo
steel are shown graphically in Figures 17-26. Here again, we

have additionally tabulated our constant AK results in Tables VII
and VIII for titanium and steel respectively*. As one can note in
Figures 17 through 26 both test techniques once again provide
identical results. Thus, one can conclude that the constant AK
test method providesa quantitative measure of da/dN at any AK

with the same accuracy and precision as can be gained employing

the conventional constant load amplitude approach.

Let us now consider an occasion during the above test Program where
the G-Rate Test technique was employed to distinguish one heat
of 6A1-4V Ti from another in a situation where either the metal's
producer or Del West receiving inspection exchanged the marking
designation on a pair of forged plates. Crucible Materials Re-
search Center shipped each of the Ti heats as a series of small
plate segments. This multiplicity of plate segments/heat and
their complex plate/heat numbering system permitted one of us to
interchange one each of the J and K Heat plates. This interchange
was first suspected when the constant load amplitude da/dN data
for pairs of CT samples taken from Heats "J" and "K" turmned out

to be identical. In Appendix B, one notes that Heat J was processed

o,

*The sample attrition 4 in Tables VII and VIII is only 47 reflecting
our growing familiarity with our experimental apparatus. Recent
measurements of aluminum alloy fatigue crack growth rates for NASA-
AMES (NAS 2-9672) show less than 1% attrition due to equipment
malfunctions.

43




(IN/CYCLE)

CRACK GROWTH RARTE

LAB AIR FATIGUE CRACK GROWTH

TITANIUM HERT/LOT F

OF-CT-1
OF-CT-2
ATF- G-Rate Test
=
o__
>
Y mmcﬁﬂ
T O M
(= R E]lIl
2 ® M
=] o® M
e~ ;
= ?Dﬁ (3 points)
U]
g oS
w (U]
e é@ﬁ
A o
: @ﬁ(Z points)
o‘ﬁ ¢ RE Bl ,
O
© u W = 9% he |
o—_ f I
= LT Orientation
= M
,\
o T T | I 7|
7 10 70
DELTA K (KSI VIN )
Figure 17

44



(IN/JCYCLE)

CRACK GROWTH RATE

LAB AIR FATIGUE CRACK GROWTH

TITANIUM HERT/LOT G

ME-CT-1
®G-CT-2
e 1
]
O——!
>
(qV)
=
o
— M
- Q)
‘ &‘ﬁ m
(Vp]
| —
(&) ~
-
w
| MRS
o - A
-— : ; ——"’"————'!
- | R = 0.1
| v = 24 hiJ
— LT Orientation
] o
‘\
5 T T 7™ T I ]
s 10 70

DELTA K (KSI VIN )

Figure 18
45




LINZCYCLE)

CRACK GROWTH RATE

LAB AIR FATIGUE CRACK GROWTH

10-Y4 2x10-Y

10-9

10-6
1 Illlll

lllllll

10-7

|

Ll

C&s

TITANIUM HERT/LOT H

OH-CT-1
OH-CT-2

A H- G-Rate Test

V)

&

Ll
&

&(3 points)

0.
24 hz

‘@ LT Orientation

DELTA K (KSI VIN )

Figure 19

46



(IN/CYCLE)

CRACK GROWTH RATE

LAB AIR FATIGUE CRACK GROWTH

10-Y exio-4

10-6 10-5

10~

|

TITANIUM

HERT/LOT J

0OJ-CT-1
0J-CT-2

‘ J-G-Rate Test

. O
et u
= (3 points)(ﬁm
- OGI)(S points)
= OEI
=1 O (2 points)
§ &
é) T
6] R = 0.1
? V = 24 hz
: ® LT Orientation
] o
L)
[ i N
7 10 70
DELTA K

Figure 20




(IN/CYCLE)

CRACK GROWTH RATE

LAB AIR FATIGUE CRACK GROWTH

TITANIUM HERT/LOT K

OK-CT-1
OK-CT-2
-
1
D—
>
o
=
—
o -
- O
— U]
OO
U]
@ @
'o

1 1 Illll
EE

S

10-6
| lllll'
i & =
I [}
N o
~ .
= 7

10-7
]

DELTA K (KSI VIN )

Figure 21
48



(IN/CYCLE)

CRACK GROWTH RATE

LAB AIR FATI

S og

1074

IIIIJ

|

109

L1

=]

‘ﬁ
) A i R =

GCUE CRACK GROWTH

HERT/LOT L

GIL=CT-1
OL-CT-2

A L-G-Rate Test

e
P g U
A
O
O
O
u
A (3 points)
& og”
o O
Q)
V)
‘gﬂ
0}/

V = 24 hz

LT Orientation

é T T T T T | |
8 10 80
DELTRA K (KSI VIN )
Figure 22

49



(IN/CYCLE)

CRACK GROWTH RATE

LAB AIR FATIGUE CRACK GROWTH

1

IIJII

10~

1] lll

10-6

STEEL HERT/LOT M
OM-CT-1
OM-CT-2
A G-Rate Test
A (3 points)
14)
O
5
&
éﬁ
&
Sy
@
A
R = 0]
V = 24 hz

LT Orientation

DELTA K (KSI

Figure 23
50

VIN )



(IN/CYCLE)

CRACK GROWTH RATE

LAB AIR FATIGUE CRACK GROWTH

STEEL HERT/LOGT N

ON-CT-1
ON-CT-2
o]
B )
u)
< oo
2 98880
®
(Vp]
- °
g 88
. g@
" f
G2
é ] T I I I B
8 10 80

DELTRA K (KSI VIN )

Figure 24

51



LINZEYCLE)

CRACK GROWTH RATE

LAB AIR FATIGUE CRACK GROWTH

STEEL HERT/LOT O

Mo-CcT-1
00-CT-2

10~4

| I ll]

10-5
|\ | II

|

. é@ R = 0.1 |
vV = 24 hz

LT Orientation

10-6

DELTA K (KSI VIN )

Figure 25
52



(IN/CYCLE)

CRACK GROWTH RATE

LAB AIR FATIGUE CRACK GROWTH

10-4

105

10-6

STEEL HERTZLGT F

OpP-CT-1
OP-CT-2

AP- G-Rate Test

= 0 o
O
7] @'(3 points)
— ﬁ
7] o
i 0o
V)
@‘(3 points)
M
7] ﬁ\\ﬁ points)
O R = 0.1
= vV = 24 hz
LT (Oxrientation
| l | | | | iR 1 1
8 10 80

DELTA K (KSI VIN )

Figure 26
53




